appears only after day 3 of activation, coincident with RANTES gene expression. These findings suggest that the expression of RFLAT-1 is regulated by a posttranscriptional mechanism.
Translational efficiency can be modulated by the 5′-and 3′-untranslated regions (UTRs) of a message (22, 23) . Extensive secondary structure within the 5′-UTR can effectively inhibit translation (24) . The 5′-UTR of RFLAT-1 is very GC-rich and therefore predicted to be highly structured. Three upstream open reading frames (uORFs) are also present, a characteristic feature of genes that are translationally regulated (25) . Examples of "translationally repressed" genes include growth factors and cytokines, protein kinases involved in cell signaling, cell cycle regulators, and transcription factors (26) . Interestingly, BTEB-1, the closest relative of RFLAT-1, is translationally regulated (27) . A long GC-rich 5′-UTR containing multiple upstream AUGs (uAUGs) has been implicated in the regulation of BTEB-1 expression.
Here we report that RFLAT-1 expression is translationally regulated through its 5′-UTR. The effect of the RFLAT-1 5′-UTR on translation is specific to T lymphocytes. RFLAT-1 expression is regulated through a capdependent mechanism, involving eIF4E, Mnk1, and MAP kinases and allows T cells to rapidly adjust RANTES expression in response to environmental changes.
Methods
Plasmids and mutagenesis. The full-length luciferase ORF derived from pGL2Basic, was ligated into pcDNA 3.1 V5 His Topo (Invitrogen Corp., Carlsbad, California, USA) to create pcDNA 3.1 Luc. A hybrid construct containing the 5′-UTR of RFLAT-1 and the luciferase gene was made by ligation of the PCR-amplified 5′-UTR from pcDNA3.1 RFLAT-1 into pcDNA3.1 Luc. The following 5′-UTR point mutations were introduced by PCR: UUG1, A38U; UUG2, A155U; and UUG3, A319U. PCR was used to delete the first 142 nucleotides (∆AUG2) and the first 306 nucleotides (∆AUG3) of the RFLAT-1 5′-UTR. The integrity of all constructs was verified by sequencing.
Ab's and reagents. Ab's were obtained from the following sources: anti-eIF4E (4E) (Transduction Laboratories, Lexington, Kentucky, USA); anti-p44/42 MAP kinase (ERK-1/2), anti-phospho-p44/42 MAP kinase (Thr202/Tyr204) (P-ERK-1/2), and anti-phospho-4EBP (Ser65) Ab (Cell Signaling Technologies, Beverly, Massachusetts, USA); anti-α-actinin (Upstate Biotechnology Inc., Lake Placid, New York, USA); FITC-conjugated RANTES Ab and its IgG2B isotype control (Caltag Laboratories Inc., Burlingame, California, USA), and anti-FLAG M2 (Sigma-Aldrich St. Louis, Missouri, USA). The anti-RFLAT-1 Ab was previously described (20) . Rapamycin was a gift from WyethAyerst Laboratories (Philadelphia, Pennsylvania, USA). The rIL-2 was a gift from The National Cancer Institute (NCI), Biological Resources Branch, NCI, Frederick Cancer Research and Development Center, Frederick, Maryland, USA. The MAP kinases inhibitors SB203580, SB202474, and PD98058 were purchased from Calbiochem-Novabiochem Corp. (San Diego, California, USA) .
T cell isolation and culture. Human peripheral blood lymphocytes (PBLs) and IL-2-dependent T cells were prepared as described (28) . PBLs (2 × 10 6 /ml) stimulated with 5 µg/ml phytohemagglutin-P (PHA-P) were cultured for up to 7 days. IL-2-dependent cells (10 6 /ml), cultured in the presence of 100 U/ml rIL-2, were stimulated with 1,000 U/ml rIL-2 for up to 6 hours. Intracellular staining was performed using the Cytofix/Cytoperm kit (PharMingen, San Diego, California, USA), and fluorescence was measured by FACScan (Becton Dickinson Immunocytometry Systems, San Jose, California, USA). A CD8 + long-term cytotoxic T lymphocyte cell line (28) (10 6 /ml), pretreated with 100 nM rapamycin for 30 minutes at 37°C, was stimulated with 500 U/ml rIL-2 and cultured in the presence of rapamycin for 0, 2, 4, and 6 hours.
Polyribosome preparation. Resting or activated PBLs (2 × 10 7 /sample) were incubated with 0.1 mg/ml cycloheximide for 3 minutes at 37°C before the cells were harvested and lysed bydetergent treatment. The cytoplasmic extracts were layered on 10-50% linear sucrose gradients and centrifuged at 150,000 g for 2 hours 45 minutes at 4°C in Beckman SW41 rotor. RNA from the fractions was isolated by guanidinium isothiocyanate extraction and analyzed by Northern blot using standard techniques. The RFLAT-1 probe was prepared by α-32 P-labeling of the BamHI-to-XhoI fragment of the RFLAT-1 cDNA.
RNA analysis. Lysates of Jurkat T cells transfected with Luc, and 5′-UTR Luc plasmids were prepared using Direct Protect Lysate ribonuclease protection assay (RPA; Ambion Inc., Austin, Texas, USA). RPAs were performed using antisense RNA probes synthesized from a luciferase PCR fragment corresponding to nucleotides 14 to 328 of pGL2 basic (Promega Corp., Madison, Wisconsin, USA) and pTRI-beta-actin-human (Ambion Inc.). Full protection of the luciferase riboprobe by the luciferase transcripts resulted in a 314-nucleotide fragment, while the protected actin fragment was 245 nucleotides.
Transient transfections, in vitro translation, and luciferase assays. NIH 3T3, HEK 293, S2-6, and S2-6-4E cell lines were transfected with Lipofectin (Invitrogen Corp.), and Jurkat T cells were electroporated as described (20) . Nonradioactive luciferase reactions were performed using the TnT Quick-coupled transcription translation system (Promega Corp.), according to the manufacturer's protocol. Luciferase activity was measured as described (20) . In the transient transfection assays, luciferase constructs (5 µg each) were cotransfected with pRLNULL (0.1 µg per transfection), and luciferase activity was normalized to Renilla luciferase activities to account for differences in transfection efficiency. Whole cell lysates were prepared using a modified RIPA buffer (28) . For Western analysis, 20 µg of total protein from each sample was run on a 10% SDS-PAGE.
Statistical analysis. Results from all luciferase assays are representative of at least three independent experiments performed in triplicate. The Western blots are representative of two to three independent experiments. Significance of differences between experimental and control values was calculated using ANOVA. The calculations were performed using Microsoft Excel. A P value of less than 0.05 was considered significant.
Results
Kinetic studies of RFLAT-1 expression in T lymphocytes demonstrated that its mRNA remains constant in both resting and activated cells. Nevertheless, RFLAT-1 protein is expressed only 3-5 days after activation (20) . A multiple human tissue Western blot probed with anti-RFLAT-1 Ab revealed that RFLAT-1 protein is found only in adult spleen and lung and not in liver, brain, kidney, heart, and reproductive organs (data not shown), while its message is ubiquitously present in all tissues examined (20) . This observation indicates that RFLAT-1 expression is regulated through a posttranscriptional mechanism.
RFLAT-1 mRNA is actively translated late after T cell activation. Sucrose gradients were used to analyze the association of RFLAT-1 mRNA with polysomal fractions derived from resting (day 0) or activated (day 1 and day 5 after activation with mitogen) PBLs. As seen in Figure 1 ,a and b, a dramatic shift of RFLAT-1 mRNA from the monosomal (fraction 4) and early polysomal (fractions 5 and 6) to the late polysomal fractions (up to fraction 9) was observed at day 5 compared with day 1 after T cell activation, indicating that RFLAT-1 expression is translationally regulated.
The RFLAT-1 5′-UTR mediates translational regulation both in vitro and in vivo. Translational efficiency can be modulated by the 5′ and 3′ UTRs of the message (23) . The 5′-UTR of RFLAT-1 is unusually long (360 nucleotides) and over 80% GC rich. Its deletion resulted in over 25-fold increase in RFLAT-1 protein compared with the full-length cDNA (Figure 1c ), demonstrating a major role for the 5′-UTR in RFLAT-1 translational regulation.
To further analyze the role of the 5′-UTR, a hybrid construct containing the RFLAT-1 5′-UTR fused to the luciferase ORF was created. This construct (5′-UTR Luc), along with a control plasmid containing the luciferase gene (Luc), was used in an in vitro transcription-translation assay. The presence of the RFLAT-1 5′-UTR inhibited luciferase activity over tenfold (Figure 1d ). For in vivo studies, the same constructs were transfected into different cell lines, and translational efficiency was measured based on luciferase activity. In the T cell lines Jurkat ( RPAs. Both luciferase constructs were transfected into Jurkat T cells, the cells were lysed 72 hours after transfection, and serial dilutions of the lysates were hybridized to an antisense luciferase riboprobe. As shown in Figure 1g , similar amounts of luciferase transcripts were produced from the Luc and 5′-UTR Luc expression vectors, confirming that the observed inhibition of luciferase activity is due to a translational mechanism. Taken together, these data show that the 5′-UTR of RFLAT-1 is involved in translational regulation of its gene expression in vivo and that this effect is specific for T cells.
The role of the RFLAT-1 uORFs in translational regulation. The uAUGs and uORFs can inhibit translation, presumably by interfering with ribosome scanning to the translational start site (29) (30) (31) . The RFLAT-1 5′-UTR is highly conserved between human and mouse (76% identity). The human sequence contains three uORFs (designated uORF1, 2, and 3), each with a corresponding start and stop codon (Figure 2, a and b) .
To investigate the importance of the uORFs of RFLAT-1, each uAUG was individually mutated to UUG, a codon that is not recognized by the ribosome as a site of translation initiation (Figure 2b ). The three mutations are designated UUG1, UUG2, and UUG3 respectively. Combinations of mutations (UUG1,2; UUG1,3; UUG2,3; and UUG1,2,3) were also created to estimate the importance of each of the uORFs (Figure 2b ). The mutant constructs were subjected to in vitro transcription/translation as above (Figure 2c ) or tested in vivo by transfection in Jurkat T cells (Figure 2d ). In vitro, mutation of either uAUG1 (UUG1) or uAUG2 (UUG2) caused approximately twofold increase in luciferase activity, indicating the equal importance of both uORFs in the regulation of translation (Figure 2c ). In vivo, the UUG1 mutation caused a slight increase in luciferase activity, while the UUG2 mutation caused a further inhibition of translation (Figure 2d ). However, combinations of mutations had additive effects in relieving translational repression, suggesting that both uORFs are involved in translational regulation of RFLAT-1 expression (Figure 2, c and d) . Point mutations in all three uORFs did not completely abolish translational repression in vitro, suggesting that in vitro the secondary structure of the 5′-UTR also plays an important role. Moreover, a deletion of the 5′-UTR preceding AUG2 (∆AUG2) did not relieve translational repression, while a deletion of the 306 nucleotides preceding uORF3 (∆AUG3), which removes the first two uORFs and the majority of the 5′-UTR secondary structure, caused sixfold increase in luciferase activity ( Figure  2c ). This enhancement is significantly higher compared with the UUG1,2 mutant, in which the extensive secondary structure is preserved while uORF1 and uORF2 are absent. The ∆AUG2 and ∆AUG3 mutations did not have an additional effect in vivo (Figure 2d ), supporting the above conclusion. We used RPA as above to determine the levels of luciferase transcripts produced by each of the mutant constructs and found that they were similar to that produced by the transfected Luc vector (data not shown). Taken together, these data indicate that translational repression of RFLAT-1 expression is mediated through its 5′-UTR and in vivo is due predominantly to the first two uORFs. In vitro uORF1 and uORF2 seem to be equally important, and additional repression is caused by the secondary structure of the 5′-UTR.
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The Overexpression of eIF4E increases RFLAT-1 protein levels. In mammals, most translational regulation occurs at the level of translation initiation where the eIF4F complex mediates recruitment of ribosomes to mRNA (25) . The least abundant of all initiation factors, eIF4E is considered to be rate limiting in the binding of ribosomes to mRNA and a major target for regulation (32, 33) . The eIF4E protein levels increase during the first 24 hours of T cell activation (34) . We observed approximately twofold increase in eIF4E protein levels late in T cell activation preceding or concurrent with RFLAT-1 appearance in the cell (Figures 3, a and b) . This suggested that eIF4E might be important for inducing RFLAT-1 protein expression. Since translational repression of many messages with highly structured 5′-UTRs is relieved by overexpression of eIF4E (35, 36) , we used the previously described tetracycline-inducible cell line S2-6-4E (37) to test the effect of eIF4E on RFLAT-1 expression. Expression vectors for full-length RFLAT-1 (designated RF) and for truncated RFLAT-1 cDNA, which lacks the 5′-UTR (designated ∆U), were transfected into S2-6-4E and its parental line S2-6. The eIF4E overexpression was induced by removal of tetracycline (37) , and RFLAT-1 expression was measured 24 hours later. Overexpression of eIF4E resulted in an approximately threefold increase in the amount of RFLAT-1 produced from the fulllength cDNA (Figures 3,c and d) . In contrast, the effect on translation of the ∆U construct was minimal, in agreement with cap-dependent translational regulation.
RFLAT-1 expression depends on 4E-BP phosphorylation. eIF4E is regulated at multiple levels (38) . Its activity is inhibited by binding to a family of translational repressor proteins (4E-BPs). The 4E-BPs are inactivated by phosphorylation through a signaling cascade that is phosphatidylinositol 3-kinase (PI-3K) dependent and involves Akt/PKB and FRAP/mTOR (38) . To explore the upstream events of RFLAT-1 translational regulation, we examined the effects of the immunosuppressant rapamycin on RFLAT-1 protein levels, which inhibit phosphorylation of 4E-BP by binding to its target FRAP/mTOR (38) . A CD8 + IL-2-dependent human cytotoxic T cell line was pretreated with 100 nM rapamycin followed by stimulation with 500 U/ml rIL-2. As shown in Figure 4 , a and b, rapamycin treatment resulted in 1.5-to 2-fold decrease in the amounts of RFLAT-1, suggesting that 4E-BP phosphorylation is important in RFLAT-1 translational regulation during late T cell activation.
RFLAT-1 translational regulation depends on MAP kinase signaling. eIF4E is phosphorylated in response to growth factors, mitogens, and hormones (23) . Phosphorylated eIF4E has higher binding affinity for the cap (39) and forms a more stable eIF4F complex (40) , resulting in enhanced translation. Mnk1, the physiological kinase that acts upon eIF4E, is under the control of both p38 MAPK and ERK-1/2 signal transduction pathways (41) . Recently, Mnk1 has been implicated in regulation of cap-dependent translation in HEK293 (42) . To investigate whether Mnk1 is involved in RFLAT-1 translational regulation in T cells, we used inhibitors of p38 MAPK, SB203580 (SB), and ERK-1/2, PD98058 (PD). SB202474, a related compound that does not affect p38 MAPK, was used as a control. Human PBLs were activated with mitogen and cultured for 3-5 days in the presence or absence of inhibitors. As shown in Figure 5a , PD caused a threefold decrease in RFLAT-1 protein, while SB had no effect. However, in the presence of both inhibitors the amount of RFLAT-1 protein decreased over 15-fold (SB+PD). This synergistic effect indicates that both the p38 MAPK and ERK-1/2 pathways are involved in the regulation of RFLAT-1 gene expression, consistent with the signal transduction pathways leading to Mnk1 phosphorylation and further activation of eIF4E.
Mnk1 is a positive regulator of RFLAT-1 expression.
To confirm the direct involvement of Mnk1 in RFLAT-1 translational regulation, the RFLAT-1 expression vector was transfected with or without constructs expressing wild-type Mnk1, a constitutively active form of the kinase (T344E) and a dominant negative Mnk1 mutant (TAA) (43, 44) into Jurkat T cells ( Figure 5, b and c) . RFLAT-1 expression increased 40% in the presence of the constitutively active Mnk1 (T344E), while the dominant negative form (TAA) significantly inhibited (threefold) RFLAT-1 production, reducing the protein to its basal levels ( Figure 5, b and c) . Taken together, our data indicate that Mnk1 is a positive regulator of RFLAT-1 expression in T cells.
IL-2 induces RFLAT-1 protein expression.
Since growth factors, mitogens, and cytokines can activate the ERK-1/2 signal transduction cascade, we hypothesized that treatment of T cells with IL-2 would rapidly increase eIF4E phosphorylation and activity, induce RFLAT-1 protein production, and thus, increase RANTES expression. To test this hypothesis we used an IL-2-activated T cell line (28) . An increase in expression of RANTES, as measured by FACS, was observed as early as 2 hours after stimulation and peaked at 4 hours (Figure 6a) . By 6 hours, intracellular RANTES had returned to the basal level. We also examined the amounts of RFLAT-1 and eIF4E proteins at the corresponding time points and found that there was an increase of both proteins concomitant with increased RANTES expression ( Figure 6, b and c) . Interestingly, the eIF4E blot showed an increase mostly of the slower migrating and presumably phosphorylated form. Thus, RANTES expression in T cells is tightly regulated by changes in the cellular environment through activation of the basic translation machinery.
Discussion
RFLAT-1 is the major transcription factor that positively regulates expression of RANTES in activated T cells. RFLAT-1 protein expression is developmentally regulated, appearing late after activation of T cells (20) . In contrast, its message is ubiquitously present and its steady-state levels do not change during T cell activation. Here we have investigated the molecular mechanism underlying the posttranscriptional control of RFLAT-1 gene expression.
Regulation of RFLAT-1 expression is mediated through its 5′-UTR.
The RFLAT-1 5′-UTR is very GC rich and contains three alternative start sites for short uORFs. Deletion of the 5′-UTR resulted in a significant increase in translation efficiency in an in vitro transcription-translation assay. Furthermore, the fusion of the RFLAT-1 5′-UTR to the luciferase coding region inhibited luciferase activity, both in transfected mammalian cells and in in vitro translation assays. This indicates that the RFLAT-1 5′-UTR is not only necessary, but also sufficient to mediate translational repression. Interestingly, the effect of the 5′-UTR was more pronounced in T cells, suggesting that RFLAT-1 regulation is T cell specific.
Translation may be regulated by various cis-acting elements within the 5′-UTR, that is, start site context, uORFs, binding sites for regulatory proteins, polypyrimidine tracts, and internal ribosome entry sites (45, 46) . The uAUGs are known to inhibit translation initiation, presumably by interfering with initiation at the bona fide start codon (23) . Mutational analysis of the uAUGs of RFLAT-1 demonstrated that uAUG1 and uAUG2 are both important for translational repression of RFLAT-1, since point mutations of the two uAUGs completely eliminated the inhibitory effect of the 5′-UTR. Interestingly, although mutation of the first AUG caused slight increase in translation efficiency, mutation of the second start site further inhibited translation. The reasons for this effect are unclear, but the absence of the second uORF may interfere with reinitiation of the ribosome at the bona fide translation initiation start site.
Stable secondary structures in the 5′-UTR can interfere with ribosome scanning to the translation start site
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The (24). The extremely high GC content of the RFLAT-1 5′-UTR allows formation of multiple internal hairpin loops, as demonstrated by computer predictions of its secondary structure (21) . The RFLAT-1 5′-UTR secondary structure appears to be important mostly in in vitro translation assays, while in vivo most of the translational inhibition could be attributed to the uAUGs in the sequence. This observation does not exclude a role for the extensive secondary structure in repression of translation in the cell. The multiple internal hairpins may be important for facilitation of the inhibitory effect of the uAUGs by promoting positioning of the ribosomes at these sites. At this time, we cannot exclude a role of RNA-binding proteins in RFLAT-1 translational repression. Nevertheless, it is plausible that the general translation machinery is responsible for regulation of RFLAT-1 expression, since different transcripts have different requirements for translation factors and can thus be regulated in a gene-specific manner (47, 48) .
Translation of RFLAT-1 expression is cap dependent. eIF4E is the rate-limiting factor in translation initiation (32, 33) , and overexpression of eIF4E can relieve translational repression of messages with highly structured 5′-UTRs (35, 36) . We show here that eIF4E overexpression results in higher levels of RFLAT-1 protein translated from the full-length message but not from the mRNA lacking the 5′-UTR, indicating that RFLAT-1 translation is cap dependent. Furthermore, eIF4E protein levels increase during late T cell activation coincident with RFLAT-1 appearance, supporting the role of the basic translation machinery in regulation of RFLAT-1 expression.
The eIF4E activity is regulated at multiple levels, including interaction with inhibitory proteins (4E-BP) and phosphorylation. Phosphorylation of 4E-BP, which results in activation of eIF4E, is mediated by a PI-3K-dependent pathway and is inhibited by the immunosuppressant rapamycin. Treatment of PBLs with rapamycin resulted in decreased production of RFLAT-1, further implicating eIF4E in regulation of RFLAT-1 expression. The eIF4E kinase Mnk1 is controlled by both p38 MAPK and ERK-1/2 signal transduction pathways (41) . RFLAT-1 levels were decreased in PBLs treated with inhibitors of both pathways, suggesting that Mnk1 is involved in RFLAT-1 translational regulation. Expression of a constitutively active Mnk1 mutant increased RFLAT-1 protein levels, while a dominant negative Mnk1 mutant inhibited RFLAT-1 expression. These results indicate that Mnk1 acts as a positive regulator of RFLAT-1 expression, presumably through phosphorylation of eIF4E and promoting translation initiation. Taken together, these data support our conclusion that regulation of RFLAT-1 translation is cap dependent.
Translational rheostat for RFLAT-1/RANTES expression. Translational regulation is particularly important during cell growth and differentiation (22, 25) . Examples of translational regulation in the immune system have been described recently. The report that IFN-γ mRNA expression is regulated through PKR (49) suggests that effector mRNA levels in different immune cells may be regulated by diverse mechanisms. Translational control allows cells to respond rapidly to changes in the environment without de novo synthesis or degradation of specific mRNAs. Since the function of eIF4E can be regulated by multiple physiologic stimuli, including growth factors, mitogens, and cytokines (22) , it is conceivable that RFLAT-1, and thus RANTES expression, can undergo dynamic regulation in T lymphocytes. Changes in the abundance and/or phosphorylation state of eIF4E or 4E-BPs in response to these stimuli could modulate the inhibitory effect of the 5′-UTR. Consistent with this idea is our observation that IL-2 can regulate RFLAT-1 and RANTES expression via enhanced eIF4E protein expression and phosphorylation.
In addition to eIF4E, the eIF4F initiation complex consists of other factors, including eIF4A (an RNAdependent ATPase and helicase) and the scaffold protein eIF4G, which contains binding sites for eIF4E, eIF4A, eIF3, Mnk1, and the poly A-binding protein (23) . Thus, RFLAT-1 translation may also be modulated by regulation of other components of translation initiation complex. For example, changes in the RNA helicase activity of eIF4A could be a possible target of regulation, given the highly structured 5′-UTR of RFLAT-1.
Translational regulation of RANTES may be critical in vivo at sites of inflammation. Immune cells use a myriad of receptors to constantly monitor their environment as they move through extracellular spaces to the sites of injury to incite and maintain inflammation. In this context, the "late" (3-5 days after activation) expression of RANTES in T lymphocytes is particularly interesting, suggesting that this chemokine may play a special role in regulating T lymphocyte-mediated inflammation in time and space. Here we show that translational regulation of RANTES expression permits a rapid response to cytokines and growth factors (i.e., IL-2) in mature effector T cells. Subtle changes in chemokine gradients provide a precise rheostat for chemoattraction and events related to immune cell activation.
